A relation between the chemical structure of a xenobiotic and its steroidal action has not yet been clearly established. Thus, it is not possible to define the estrogenic potency of different xenobiotics. An assessment may be accomplished by the use of different bioassays. We have previously developed a yeast system highly and stably expressing rainbow trout estrogen receptor (rtER) in order to analyze the biological activity of the receptor. The recombinant yeast system appears to be a reliable, rapid and sensitive bioassay for the screening and determination of the direct interaction between ER and estrogenic compounds. This system was used in parallel with a more elaborate biological system, trout hepatocyte aggregate cultures, to examine the estrogenic potency of a wide spectrum of chemicals commonly found in the environment. In hepatocyte cultures, the vitellogenin gene whose expression is principally dependent upon estradiol was used as a biomarker. Moreover, competitive binding assays were performed to determine direct interaction between rtER and xenobiotics. In our study, 50%
INTRODUCTION
Recent data have suggested that perturbations of our chemical and physical environment act in a negative fashion on the reproductive function of humans and animals. Since 1974, several publications have shown a century-old decrease in the human sperm concentration (Carlsen et al. 1992 , Irvine 1994 , Van Waeleghem et al. 1994 . This decrease has reached about 2% per year over the last two decades (Auger et al. 1995) . During this same period, the frequency of testicular cancer has increased in an important manner (Adami et al. 1994 ) and a progressive increase in the proportion of hypospadia and cryptorchidy has been observed in many European countries (Ansell et al. 1992) . Thus, male reproductive tract development and testicular functions are undergoing important modifications which could be the result of changes in our environment. Finally, another study has shown an increase in male breast cancer, a rare pathology, in four Scandinavian countries (Ewetz et al. 1989) . The risk of breast cancer increases in women over fifty years of age, probably because they have been exposed to active estradiol for a long period of time (Marshall 1993) . As for natural estrogens, a prolonged exposure to xenoestrogens may be prejudicial. Although each xenoestrogen is absorbed in very small amounts, these substances are omnipresent and their concentrations can be elevated in the organism, where they are able to accumulate in certain organs.
Exposure to organic chemicals has been correlated with severe mortality in several bird species (Koeman et al. 1973) and with a reduction of reproductive performance in mammals (Reijnders 1986) , birds (O'Shea et al. 1980) and several fish species (Von Westernhagen et al. 1981 , 1987 , Spies et al. 1988 . Female or male juvenile alligators from a contaminated lake in Florida exhibited abnormal gonad development and abnormal sex hormone concentrations compared with alligators from a control lake (Guillette et al. 1994) . The gonadal sex can be reversed in turtles by exposure to polychlorinated biphenyls (PCBs), when the eggs are incubated at an otherwise male-producing temperature (Crews et al. 1995) . In some rivers in the United Kingdom, the vitellogenin gene which is specifically controlled by estrogens in female fish, is also expressed in males (Jobling & Sumpter 1993) . Experiments with caged male trouts exposed to effluent of sewage treatment works entering British rivers, exhibited measurable plasma vitellogenin levels, demonstrating the presence of some estrogenic chemicals (Purdom et al. 1994 , Sumpter & Jobling 1995 .
In view of this alarming situation, it is necessary to determine if xenobiotics can mimic some steroid effects or modify the activity of these hormones, and thus be responsible for alterations of reproductive functions. In rivers, fish are directly exposed to xenobiotic agents and they might be used to test the pollution level which can also affect human health. In our laboratory, we have developed a yeast system highly and stably expressing rainbow trout estrogen receptor (rtER) , in order to analyze the biological activity of the receptor. The yeast system contains a reporter gene with two estrogen-responsive elements (ERE) upstream of the yeast proximal iso-1-cytochrome c gene of Saccharomyces cerevisiae (CYC1) promoter fused to the lacZ gene, the induction of which is strictly dependent on the presence of rtER and estrogens (Petit et al. 1995) .
The recombinant yeast appears to be an in vivo assay well-adapted for the rapid and efficient screening of xenoestrogenic activities of many environmental substances (Pakdel et al. 1997) . We felt, however, that it was necessary to test, in a more elaborate biological system, compounds which were potent estrogens in yeast. For that purpose, we used rainbow trout hepatocytes, one of the main estrogen (E 2 )-target cells in fish, which possess most of the xenobiotic biotransformation capacity contained in the liver (Cravédi et al. 1996) . In the trout hepatocyte primary culture system, the regulation of the expression of several genes, particularly those of vitellogenin and estrogen receptor, has been extensively studied and was found to be remarkably similar to that which was observed in vivo (Flouriot et al. , 1995 . Thus, vitellogenin gene expression in our trout hepatocyte cultures was used as a biological marker for the exposure to estrogenic compounds. In this study, we have screened several fungicides, herbicides, insecticides, plasticizers, detergents, PCBs and phytoestrogens for their estrogenic activity in the yeast system. The estrogenic and some of the non-estrogenic substances monitored by the yeast system have been subsequently tested in trout hepatocyte aggregate cultures. The ability of some compounds to compete with E 2 for ER binding sites was also examined. aminotriazole, biphenyl, 2, 4, pentachlorophenol, lindane (Sigma, St Quentin Fallavier, France), alachlor, bifenox, chlorsulfuron, EPTC, terbacil, trifluralin, dodemorph, chlordecone, Molsheim, France), atrazine, 2, 4D, dicamba, dichlobenil, diuron, captan, chlorothalonil, prochloraz, triadimefon, carbofuran, carbosulfan, deltamethrin, methyl parathion (Cluzeau Info Labo, St Foy Lagrande, France) , dinoseb, picloram, propham (Riedel-de Haën, Seelze, Germany), 2-hydroxybiphenyl (EGA-Chimie, SteinheimAlbuch, Germany), 3-hydroxybiphenyl, nonylphenol diethoxylate (Igepal CO210), nonylphenol heptaethoxylate (Igepal CO720), dibutylphthalate, di(2-ethyl-hexyl)phthalate (Aldrich, St Quentin Fallavier, France), biochanin A, and equol (a gift from C Pelissero, Bordeaux, France) were dissolved in ethanol and added to the culture medium. Dieldrin, -endosulfan, -endosulfan (Promochem) were dissolved in dimethyl sulfate (DMSO). Glyphosate and paraquat (Cluzeau Info Labo) were dissolved in water. Aroclor 1221 and 1248 (Promochem) were dissolved in iso-octane and Aroclor 1268 (Promochem) was dissolved in acetone. Solvent in the medium never exceeded 0·1% (v/v) for the hepatocyte aggregate cultures and 1% (v/v) for the yeast cultures.
MATERIALS AND METHODS

Estrogen and xenobiotic treatments
Yeast strain
The yeast strain used in this study was BJ-ECZ (a leu2 trp1 ura3-52 prb1-1122 pep4-3 prc1-407 gal2 :: URA3-2ERE-CYC1-lacZ) (Wrenn & Katzenellenbogen 1993 ), a gift from B S Katzenellenbogen. Yeast cells were transformed by the YEprtER plasmid using a lithium acetate method and selected by growth on complete minimal medium (0·13% dropout powder lacking uracil and tryptophan, 0·67% yeast nitrogen base, 0·5% (NH 4 ) 2 SO 4 and 1% dextrose) (Petit et al. 1995) .
Protein extracts
Yeast cells were grown in 50 ml of selective medium (see above) at 30 C under vigorous shaking (300 r.p.m.) to an absorbance of 1·5-2·0 at 600 nm. The cells were harvested, cell walls were removed using lyticase (Sigma), and the spheroplasts were lysed according to McDonnell et al. (1991) to obtain a whole cell extract.
Binding assays
Estradiol-binding assays were performed by the modification of a previous procedure (Pakdel & Katzenellenbogen 1992 (Pakdel & Katzenellenbogen 1992 ).
-Galactosidase assays
-Galactosidase assays were performed as described previously (Petit et al. 1995) in the presence of increasing 17 -estradiol or xenobiotic concentrations (during 4 h at 30 C) for the transactivation assays.
-Galactosidase activity was measured at 420 nm using the NpGal (o-nitrophenyl --galactopyranoside) substrate. The formation of colored product was quantified with a spectrophotometer. The -galactosidase activity was expressed in Miller units (Miller 1972) .
Hepatocyte aggregate cultures
Male rainbow trout (Oncorhynchus mykiss), weighing 250-750 g, were supplied by a trout farm (Le Drennec, France), and kept in recycled water until use.
The liver was dissociated by collagenase A (Boehringer, Meylan, France) perfusion described by Seglen (1973) and adapted to trout (Maïtre et al. 1986 ). The liver cell suspension was filtered through a 70-mesh sieve and the cell pellet was collected by centrifugation (50 g for 5 min) at 18 C. The non-parenchymal and damaged cells were removed by centrifugation. The hepatocyte pellet was resuspended in Dulbecco's modified Eagle's medium/Ham's F-12 nutrient mixture (1:1 mixture, with -glutamine and 15 m Hepes, without phenol red) supplemented with 15 m TES (N-tris [hydroxymethyl] methyl-2-aminoethanesulfonic acid; 2-([2-hydroxy-1,1bis (hydroxymethyl)-ethyl] amino) ethanesulfonic acid), 12 m NaHCO 3 , 1% (v/v) antibiotics (penicillin, streptomycin and amphotericin B; Sigma) and 2% (v/v) ultroser SF (Biosepra, Villeneuve la Garenne, France), and plated in 60 mm untreated plastic Petri dishes (Falcon) (1-2 10 7 cells/5 ml medium per dish). Aggregates were obtained by constant gyratory shaking at 55 r.p.m. at 18 C (Novotron, INFORS AG, Massy, France). After 3 days, when aggregates had started to form, the culture medium was changed every 2 days. After 48 h of treatment with xenobiotics, cells were harvested and pelleted by centrifugation (at 50 g for 2 min) and stored at 70 C until use.
Slot blot analysis
Total RNA was prepared using a LiCl-urea method (Auffray & Rougeon 1980) with some modifications as previously described (Vaillant et al. 1988) . Total RNA samples (4 µg) were spotted onto a nylon Biodyne A (Pall, St Germain en laye, France) membrane, using a Bio-Rad slot blot apparatus, as described by Cheley & Anderson (1984) . The membrane was prehybridized at 42 C for 6 h and hybridized under stringent conditions with a radiolabeled rainbow trout vitellogenin (Vg) cDNA as described previously (Pakdel et al. 1989) . The washed blots were exposed for 24-48 h at 70 C. After autoradiography, the probe was removed by heating at 100 C in double-distilled H 2 O for 5 min and the blot was reused with a radiolabeled rainbow trout actin cDNA in the conditions described for the Vg probe. Radioactivity was quantified using Instantimager (Packard).
RESULTS
Effects of xenobiotics on the transcriptional activity of rtER in yeast
The previously developed yeast system ( Fig. 1 ) expressing rtER and containing an estrogenicresponsive reporter gene built with two tandem copies of the consensus ERE linked to the yeast CYC1 promoter located upstream of the E. coli gene for -galactosidase, lacZ, was used to screen the estrogenic potential of several xenobiotics. Xenobiotics belonging to different classes of compounds: herbicides, fungicides, insecticides, PCBs, plasticizers, detergents and phytoestrogens (Table 1) have been tested. Yeast cells were grown in liquid culture in the absence or presence of increasing estradiol or xenobiotic concentrations for 4 h at 30 C. As previously described (Petit et al. 1995) , the induction of -galactosidase activity was strictly dependent on the presence of rtER and estrogens. The estradiol concentration necessary to achieve maximal activation was 10 8  (reported as 100% activity in the Table 1) , whereas a basal induction represented 14-18% of the maximum activity obtained with receptor in the absence of ligand (Table 1 and Fig. 2 ). All xenobiotics were tested at concentrations ranging from 10 8  to 10 4 . Table 1 summarizes the maximal inductions of the lacZ gene obtained with xenobiotics at a given concentration which can change according to their dose-response curves. Data illustrated in ( 1) and equol ( 2). All these xenobiotics were able to induce the lacZ gene from 10 6  or 10 5  suggesting that these molecules are 10 3 to 10 5 times less active than E 2 . However, the maximal activity obtained with biphenyl metabolites (2-F2; 3-F2; 4-F2; 4,4 -F2), 4-nonylphenol (D1), Aroclor 1248 (A48), Aroclor 1268 (A68), biochanin A ( 1) and equol ( 2) was similar to that observed with 10 8  E 2 . These data suggest that these compounds have a strong estrogenic potential as they can accumulate in different tissues due to their highly hydrophobic structures. It is important to note that all these estrogenic compounds have also been tested using the BJ-ECZ yeast strain which does not express rtER and that no induction of the lacZ gene has been observed in the presence of these compounds used at the concentration necessary to achieve maximal activity in the yeast system expressing rtER (data not shown). This control shows that any estrogenic activity detected in our yeast system expressing rtER is the result of an interaction between the rtER protein and a xenobiotic or its metabolite, and not a consequence of an activation of the basal transcriptional machinery.
In our yeast system, we were also able to determine if the absence of lacZ gene stimulation by several xenobiotics was due to either their toxicity or their non-estrogenic potential. Figure 3 shows the cell density measurements expressed as a percentage of control which was the number of cells grown after a 4-h incubation period, in the presence of solvent. During that time there was a doubling of the initial cell number. A decrease was measured when a toxic compound was tested. This reduction can reflect either yeast cell death or the slowing down of cell growth. Fifty percent corresponds to the number of cells introduced at the beginning of the assay. Among the tested xenobiotics, chlorothalonil (F4) and pentachlorophenol (F8) were toxic from 10 6 , chlorsulfuron (H6), diuron (H12), captan (F3), chlordecone (I12), Aroclor 1221 (A21), Aroclor 1248 (A48) and biochanin A ( 1) were toxic from 10 5  and biphenyl (F2), its metabolites (2-F2; 2,2 -F2; 3-F2; 4-F2; 4,4 -F2), prochloraz (F9), lindane (I10) and 4-nonylphenol (D1) were toxic from 10 4  (Fig. 3) . This toxic effect may explain why some xenobiotics like fungicides were not able to exhibit a possible estrogenic potency.
Effects of xenobiotics on Vg mRNA accumulation in hepatocyte aggregate cultures
Since the vitellogenin test in rainbow trout hepatocytes is more complex and time consuming in comparison with the -galactosidase assay developed for the yeast system, only some of the xenobiotics previously tested in yeast were screened in hepatocytes. The potentially estrogenic compounds revealed with the yeast system and eleven other compounds chosen randomly were tested. Aggregated hepatocytes were cultured for 48 h in the presence of 10 6  E 2 (dose required to achieve maximal estrogenic activity; Flouriot et al. 1996) or each xenobiotic. The concentration used was either 10 4  or the concentration which gave the maximal activity in the yeast system. This seemed to be the best choice as the effective concentration in the hepatocyte aggregate cultures previously described (Flouriot et al. 1995) for chlordecone, 4-nonylphenol, lindane or PCBs were the same in both systems. Among the estrogenic compounds revealed by the yeast system, only the diclofopmethyl (H10), biphenyl metabolites (2,2 -F2; 4,4 -F2), Aroclor 1268 (A68) (tested in hepatocytes cultures at 10 5 and 10 4 ) and dibutylphthalate (D4) had no effect on Vg mRNA accumulation in hepatocytes (Fig. 4) . Concerning estrogenic compounds, the amplitude of the response was sometimes different between the two systems (Fig.  4) . For example, the induction obtained with lindane represented about 50% of the maximum activity obtained with 10 8  estradiol in yeast and about 100% in the hepatocyte aggregate cultures. Likewise, the use of a higher concentration in hepatocyte cultures was necessary to obtain an estrogenic effect with 3-hydroxybiphenyl (3-F2), 4-hydroxybiphenyl (4-F2) and 4-nonylphenol (D1). The differences observed in the amplitude of the response or in the response itself between yeast and hepatocytes reflect likely differences in the metabolism of the compounds used. Among the eleven compounds which were non-estrogenic in yeast, three, dodemorph (F5), triadimefon (F12), and methyl parathion (I11) were obviously able to induce Vg gene expression in trout hepatocytes cultured in aggregates (Fig. 4) .
Xenobiotics do not necessarily exhibit estrogenic activity as a result of direct rtER binding
Since rtER is highly and stably expressed in our yeast system, we were able to verify easily if the estrogenic activity observed for certain compounds occurred through binding to rtER. For this purpose, displacement by xenobiotics of [ 3 H]E 2 bound to rtER in whole yeast cell extracts was assayed. Figure 5 shows that, like unlabeled E 2 , a molar excess of many xenobiotics was able to displace [ 3 H]E 2 from the rtER. However, all environmental chemicals exhibited a relative affinity for the estrogen receptor much lower than estrogen (Fig. 5 , see also Table 1 ). Fifty percent inhibition of specific binding occurred at 1-fold excess of unlabeled E 2 ; however, chlordecone (I12), biochanin A ( 1), equol ( 2) and 4-nonylphenol (D1) were 170-to 670-fold less effective as competitors (Fig. 5A, C and D) . 3-Hydroxybiphenyl (3-F2), 4-hydroxybiphenyl (4-F2), 4,4 -dihydroxybiphenyl (4,4 -F2), Aroclor 1221 (A21), Aroclor 1248 (A48), Aroclor 1268 (A68) and nonylphenol diethoxylate (D2) showed a relative binding affinity for ER 1700-to 6700-fold lower than E 2 (Fig. 5B, C and D) . Nonylphenol heptaethoxylate (D3) showed a very low affinity for ER, and therefore was a 7000-to 10 000-fold less effective competitor (Fig. 5D) . None of 2,4D (H7), diclofop-methyl (H10), lindane (I10), methyl parathion (I11), dieldrin (I13), -endosulfan (I14), -endosulfan (I15), or biphenyl (F2), 2-hydroxybiphenyl (2-F2), 2,2 -dihydroxybiphenyl (2,2 -F2), dibutyl phthalate (D4) and di(2-ethylhexyl) phthalate (D5) were  3. Effect of some xenobiotics on cell density. Yeast cells were grown in medium containing an increasing concentration of chlorsulfuron (H6), diuron (H12), lindane (I10), methyl parathion (I11), chlordecone (I12) (panel A); biphenyl (F2), 2-hydroxybiphenyl (2-F2), 2,2 -dihydroxybiphenyl (2,2 -F2), 3-hydroxybiphenyl (3-F2), 4-hydroxybiphenyl (4-F2), 4,4 -dihydroxybiphenyl (4,4 -F2), captan (F3), chlorothalonil (F4), pentachlorophenol (F8), prochloraz (F9) (panel B); 4-nonylphenol (D1), nonylphenol diethoxylate (D2), nonylphenol heptaethoxylate (D3), Aroclor 1221 (A21), Aroclor 1248 (A48), Aroclor 1268 (A68), biochanin A ( 1) or equol ( 2) (panel C).
-Galactosidase activity and cell density were measured at 420 nm and 600 nm respectively. A decrease in cell density shows the toxic effect of a compound for yeast growth. Values represent the means ... from at least three separate experiments.
 4. Xenobiotic ability to induce vitellogenin (Vg) gene expression in 8-day-old trout hepatocyte aggregate cultures. Hepatocyte aggregates were treated for 48 h with E 2 , atrazine (H3), 2,4D (H7), dicamba (H8), diclofop-methyl (H10), paraquat (H16), biphenyl (F2), 2-hydroxybiphenyl (2-F2), 2,2 -dihydroxybiphenyl (2,2 -F2), 3-hydroxybiphenyl (3-F2), 4-hydroxybiphenyl (4-F2), 4,4 -dihydroxybiphenyl (4,4 -F2), dodemorph (F5), pentachlorophenol (F8), triadimefon (F12), carbofuran (I4), carbosulfan (I8), lindane (I10), methyl parathion (I11), chlordecone (I12), dieldrin (I13), -endosulfan (I14), -endosulfan (I15), Aroclor 1221 (A21), Aroclor 1248 (A48), Aroclor 1268 (A68), 4-nonylphenol (D1), nonylphenol diethoxylate (D2), nonylphenol heptaethoxylate (D3), dibutylphthalate (D4) or di(2-ethylhexyl)phthalate (D5). The concentrations used are indicated in parentheses (log ). Vg and actin mRNA levels were determined by slot blot hybridization and the radioactivity was quantified using Instantimager. Actin was used as an internal standard for quantification. Values represent the means ... (n=3 to 16). Values (n=3) obtained with H7, 2,2 -F2, 4,4 -F2, I4 and I8 were too close to the control levels to determine if these compounds were ineffective or weakly estrogenic.
Estrogenicity of xenobiotics assessed using yeast and hepatocyte cultures ·   and others 329 efficient competitors, even at the highest concentrations used (10 000-fold excess) (Fig. 5A, B and  D) . The relatively low affinity of most estrogenic xenobiotics for rtER is in good correlation with their low activities in E 2 -dependent gene transactivation and with the high doses required for receptor activation. Moreover, these results demonstrate that some xenobiotics may act by a direct interaction with rtER whereas others may be acting either through their metabolites or via different gene activation pathways. This second hypothesis may occur only in hepatocyte aggregate cultures. In yeast, activation of the lacZ gene required the presence of the rtER. None of these chemicals was able to activate -galactosidase in the absence of rtER (data not shown).
DISCUSSION
There is a wide variety of natural or chemical compounds exhibiting estrogenic activity. The natural estrogens include ovarian estrogenic steroids and phytoestrogens like isoflavones. The xenoestrogens include pesticides, detergents, antioxidants, plasticizers, PCB congeners and many other industrial chemicals. Many of these compounds are hydrophobic, and hence can accumulate to high concentrations in lipids and membranes from which they can be slowly released to provide a low, persistent level of compound in blood which may be most effective in stimulating certain estrogenic-like responses (Katzenellenbogen 1995) .
The xenobiotics have varying chemical structures which makes it difficult to establish a relationship between the chemical structure and the estrogenic activity. Although Katzenellenbogen (1995) has presented information on pointers to the estrogenic activity of a compound, it is however difficult to predict the estrogenicity of a given xenobiotic based on its structure because these compounds may act via different pathways as well as by a direct interaction with the estrogen receptor. Nevertheless, screening of estrogenic potential of xenobiotics might allow the establishment of a classification of the chemical compounds according to their estrogenic activity. Recently, several groups have developed systems to study the estrogenic activity of many chemical compounds: the E-SCREEN assay, which compares the cell number achieved by similar inocula of MCF-7 cells in the absence of estrogens and in the presence of xenobiotics, is based on the fact that estrogens have a proliferative effect on their target cells (Soto et al. 1994 (Soto et al. , 1995 , and yeast estrogen screens consist of the human estrogen receptor and a reporter carrying estrogenresponsive elements upstream of the lacZ gene (Arnold et al. 1996 , Routledge & Sumpter 1996 . In our laboratory, a primary rainbow trout hepatocyte culture in which the cells maintained stable gene expression over a 1-month period had been developed previously and was used to test the effects of xenobiotics on liverspecific expression of the rtER and Vg, both implicated in reproductive functions (Flouriot et al. 1995) . We had also previously developed a yeast system expressing the rtER in order to analyze its function (Petit et al. 1995) . In this paper, we have used the two systems, yeast and hepatocyte aggregate cultures, to assess and compare the estrogenic activity of different families of compounds.
Among herbicides, only diclofop-methyl presented estrogenic activity in the yeast system, which was not found in hepatocytes. [ 3 H]E 2 binding with rtER-enriched yeast extracts was not affected by a 10 000-fold molar excess of diclofop-methyl suggesting that this compound is not active by itself but rather after a biotransformation which did not occur in hepatocytes. Alternatively, this estrogenic chemical may bind rtER at a site different from the estrogen-binding site of the receptor. It would therefore activate rtER in yeast without affecting estrogen-binding site occupancy of the receptor. In this case, this chemical would very rapidly be conjugated into a non estrogenic compound by the hepatocytes. An alternative explanation could be that hepatocytes rapidly metabolize diclofopmethyl and thus inactivate the xenoestrogen, whereas the yeast cells are probably less efficient in biotransforming the active parent compound. The use of the yeast system to test fungicides may be questionable as most of the compounds appeared toxic. Nevertheless, some fungicides such as biphenyl and related metabolites previously shown to be active in mammals (Cravédi et al. 1996 and JP Cravédi, A Lafuente, M Baradat, A Hillenweck & E Perdu-Durand, unpublished observations) exhibited estrogenic activity in both yeast and hepatocytes. Biphenyl activated gene transcription in both systems but was unable to displace [ 3 H]E 2 binding to the rtER. In yeast, 2-, 3-, 4-hydroxybiphenyl and 4,4 -di-hydroxybiphenyl were more active than the parent compound on the transcriptional activity of rtER. These results suggest that the presence of a phenol structure was responsible for the estrogenic activity, as previously described (Katzenellenbogen 1995) . Moreover, the position and number of hydroxy groups seem to play a significant role in the estrogenic activity of these hydroxylated compounds. This is notably exemplified by the 4-hydroxy metabolite which exhibited the higher estrogenic activity whereas the 2,2 -dihydroxy compound was inactive. These data suggest that yeast may have the ability to biotransform biphenyl and 2-hydroxybiphenyl or that other metabolites could have a direct estrogenic effect. Moreover, this assumption was confirmed by our direct competitive binding assays. In a complementary study we failed to demonstrate any hydroxylation of the parent compound when yeast cells were incubated for 2 h with 14 C-biphenyl (data not shown) indicating that biphenyl might act directly, i.e. without prior formation of a phenol moiety. However, further studies will be needed to confirm this mechanism.
Interestingly, in aggregated hepatocytes, biphenyl and some of its metabolites were able to induce the Vg gene. The absence or the weak activity of 2,2 -, 4,4 -dihydroxybiphenyl and 4-hydroxybiphenyl in hepatocytes is probably due to the rapid conjugation of hydroxylated compounds to sulfate and glucuronic acid as described in rat hepatocytes incubated with biphenyl (Wiebkin et al. 1978) . A similar situation was observed in rainbow trout hepatocytes (JP Cravédi, A Lafuente, M Baradat, A Hillenweck & E Perdu-Durand, unpublished observations) and might explain a rapid inactivation of hydroxylated biphenyl products. The reasons for the strong estrogenic potency of 2-hydroxybiphenyl remain to be investigated.
Among the other fungicides, two new compounds with estrogenic activity in the hepatocyte system but not in the yeast system were detected. Dodemorph and triadimefon were unable to displace the [ 3 H]E 2 binding with rtER suggesting that their estrogenic activity was due to a metabolite or to an indirect gene activation pathway.
In the insecticide class, chlordecone, dieldrin, -endosulfan and -endosulfan were estrogenic in the two systems as previously described by several groups (Hammond et al. 1979 , Soto et al. 1994 , Flouriot et al. 1995 , Arnold et al. 1996 . Lindane and methyl parathion which were not estrogenic in the E-SCREEN system (Soto et al. 1995) , were estrogenic in our systems. Methyl parathion was very weakly estrogenic in yeast but highly estrogenic in hepatocyte aggregate cultures. In addition, this compound did not affect the binding of [ 3 H]E 2 to rtER suggesting that the estrogenic activity may be due to a metabolite produced within the hepatocyte and absent in yeast and in the MCF-7 cells involved in the E-SCREEN assay (Soto et al. 1995) . Chlordecone showed a strong estrogenic activity whereas dieldrin, -endosulfan, -endosulfan, and lindane had weak potency in the yeast system. In contrast, in hepatocyte culture, these products were stronger estrogens. These compounds possess chlorine substituents which are predicted to elevate the lipophilicity 2-to 9-fold (Katzenellenbogen 1995) . Their hydrophobicity allows them to accumulate at high levels in lipids and membranes which could magnify their effects. Chlordecone can cause a variety of morphological and biochemical alterations in liver where it is primarily accumulated (Mehendale 1981) , and its considerable estrogenic activity may possibly be derived from its long half-life and bioaccumulative character (Hammond et al. 1979) . Recently, a synergistic effect of dieldrin and endosulfan has been described in MCF-7 cells (Soto et al. 1994) and in a yeast estrogen screen (Arnold et al. 1996) . We did not observe similar results in our systems (data not shown) suggesting that the synergistic estrogenic effect observed when combinations of environmental chemicals are used (Arnold et al. 1996) depends strongly on the biological assays.
We have also tested different PCB mixtures, Aroclor 1221, Aroclor 1248 and Aroclor 1268, which differ in the percentage of chlorine substituents. The aim was to determine if the number of chlorine substituents present on each congener has any effect on the estrogenic activity. There was no significant differences in the estrogenic response between these three PCB mixtures in yeast and they were able to affect weakly the binding of [ 3 H]E 2 to rtER. Although Aroclor 1221 and 1248 exhibited strong estrogenic activity in trout hepatocyte cultures, Aroclor 1268 was inactive. The estrogenic effect of Aroclor 1221 is in good agreement with the result obtained by Sumpter & Jobling (1995) . However, Aroclor 1221 was not estrogenic in MCF-7 cells (Soto et al. 1995) . Although polychlorinated materials are particularly resistant to metabolic transformation, the possibility that the estrogenic potency of these molecules originates from a metabolic transformation cannot be excluded. Indeed, it has been demonstrated that hydroxylated PCBs are more potent than their nonhydroxylated counterparts (Soto et al. 1995) . This could explain the relatively strong estrogenic activity in yeast and particularly in hepatocytes, whereas the binding of these compounds to rtER is weak. The lack of estrogenic effect of Aroclor 1268 in hepatocytes may result from the absence of formation of hydroxylated compounds resulting from the important number of chlorine substituents.
4-Nonylphenol, an alkylphenol released from plastic, the nonylphenol polyethoxylates (D2, D3), nonionic surfactants, and the phthalate esters (like dibutylphthalate and di(2-ethylhexyl)phthalate), originating from plastics are present in effluents (Sumpter 1995 , Sumpter & Jobling 1995 . 4-Nonylphenol, a metabolite derived from nonylphenol polyethoxylate, was found in high concentrations in anaerobically treated sewage sludge. Indeed, the formation of 4-nonylphenol is facilitated under mesophilic anaerobic conditions (Giger et al. 1984) . 4-Nonylphenol and 4-nonylphenol diethoxylate induced proliferation of MCF-7 cells (Soto et al. 1991 , White et al. 1994 , Soto et al. 1995 , vitellogenin gene expression in trout hepatocytes, and gene transcription in transfected cells (White et al. 1994 , Flouriot et al. 1995 . As previously described (Routledge & Sumpter 1996) , in our yeast system, 4-nonylphenol was very estrogenic (active at 10 6 ) and its activity decreased rapidly with the length of the ethoxylate substituent. The decrease in estrogenic activity is associated with a strong decrease in rtER binding. 4-Nonylphenol, 4-nonylphenol diethoxylate, and 4-nonylphenol heptaethoxylate have affinities for rtER 270, 6700 and more than 7000 times lower respectively than that of E 2 . The weak estrogenicity of 4-nonylphenol diethoxylate and the absence of estrogenicity of 4-nonylphenol heptaethoxylate in yeast suggest that these compounds are not (or very weakly) metabolized in these cells. Unlike 4-nonylphenol, nonylphenol diethoxylate strongly stimulated Vg gene expression in hepatocyte aggregate cultures. Time-course stimulation of Vg gene expression by 4-nonylphenol showed that this chemical is rapidly metabolized to an inactive form (Flouriot et al. 1995) , confirming the weak estrogenic effect observed in the present study. On the other hand, the estrogenic activity can result from 4-nonylphenol polyethoxylate biotransformation to 4-nonylphenol (White et al. 1994) . This biotransformation of nonylphenol diethoxylate to 4-nonylphenol could keep the level of active product constant during the 48-h culture period. In contrast, nonylphenol heptaethoxylate did not show any estrogenic activity suggesting no biotransformation to 4-nonylphenol.
In order to test a wide range of compounds, we have also assessed phytoestrogens such as biochanin A and equol. Phytoestrogens may be among the dietary factors protecting vegetarians from cancer and heart disease (Knight & Eden 1996 , Wiseman 1996 . Equol is a metabolite of daidzein formed from formononetin whereas biochanin A can generate genistein. Biochanin A and equol are strongly estrogenic in yeast and hepatocyte cultures and their estrogenic action is correlated with direct interaction with rtER.
Several xenobiotics have been reported to have an estrogenic activity in our two bioassays but the magnitude of gene activation differed according to the system used. These differences could be explained by: (1) a differential permeability of xenobiotics through cell membranes; (2) a higher metabolism of xenobiotics in hepatocytes (in fact some of the metabolic transformations can either increase or reduce the estrogenic potency of the chemicals); (3) a different xenobiotic toxicity according to the tested cells (for instance a strong toxicity of fungicides in yeast cells); (4) the implication of different gene activation pathways (in yeast, reporter gene activation implies a direct interaction with rtER whereas the induction of vitellogenin gene may imply indirect pathways); (5) the mechanism of transcriptional activation: since yeast does not originally have estrogen receptors, the co-activators which mediate signal from estrogen receptor to the basal transcriptional machinery might be different from other species; (6) the involvement of other signaling pathways, such as phosphorylation. Competitive binding assays were also commonly used to determine whether or not some environmental chemicals were able to compete with E 2 for ER binding sites. However, among the xenobiotics which were not able to displace [ 3 H]E 2 from the ER in the competitive binding assays, one cannot rule out the possibility that some compounds may interact directly with ER, but without disturbing E 2 binding. This would imply their binding at a site different from the hormone pocket of the ligand binding domain of the receptor. As all these parameters may lead to misinterpretation of the estrogenic potency of xenobiotics, the use of different systems appears necessary for the detection of compounds with estrogenic activity. and the Ministère de l'Environnement (program DGAD/SRAE no. 96100). F Petit was supported by a fellowship from the French Ministère de l'Enseignement Supérieur et de la Recherche (from 11/01/93 to 10/31/96) and the Association pour la Recherche contre le Cancer (ARC) (from 11/01/96 to 06/30/97). We thank the Fondation Langlois for supporting our work, Dr C Pelissero for providing the phytoestrogens, and Dr B S Katzenellenbogen for providing yeast expression vectors. We also thank Dr O Kah for reviewing the manuscript.
